introduction Anemia is a frequent complication of cancer and cancer therapy [1] , but little is known about the prevalence of iron deficiency (ID) in cancer patients and data from clinical studies are scarce. In fact, only few reports are available [2] [3] [4] [5] [6] , of which some have been presented at meetings only [5, 6] , and most of them have not used the required spectrum of laboratory tests for detecting ID in all patients investigated.
Impaired iron homeostasis associated with chronic disease, chronic blood loss and nutritional deficiencies (e.g. cancerinduced anorexia) are the main causes of ID in cancer patients [2] . ID can present as absolute ID (AID; depleted iron stores, serum ferritin <30 ng/ml) [7] or functional ID (FID) that is characterized by iron sequestration and thus, a lack of biologically available iron [transferrin saturation (TSAT) <20%], despite normal iron stores [8] . Several different markers and cut-offs have been proposed and used for monitoring of iron status and for diagnosis of ID [9, 10] .
ID can be associated with a variety of symptoms such as impaired physical function and fatigue [11, 12] . Repletion of iron in iron-deficient, but non-anemic women improved physical performance [11] and fatigue scores [12, 13] . Similar improvements were noted with intravenous iron substitution in non-anemic patients with chronic heart failure [14] . In irondeficient cancer patients with chemotherapy-related anemia (Hb < 10.5 g/dl), addition of intravenous iron to treatment with an erythropoiesis-stimulating agent was associated with substantially better outcomes in Hb levels, energy, activity and overall quality of life [15] . The improved erythropoietic response was confirmed in a meta-analysis summarizing the results of eight similar trials [16] .
In this study, we assessed the prevalence of ID in a large unselected population of patients with different types of solid and hematological malignancies and evaluated interdependencies between ID and stage, disease status, proximity of treatment of the underlying cancer, as well as possible correlations with performance status.
patients and methods
One thousand five hundred and twenty-eight cancer patients presenting sequentially between 1 October 2009 and 20 January 2010, in the outpatient department or admitted to the inpatient wards of the Center for Oncology, Hematology and Palliative Care, Wilhelminenspital, Vienna, Austria, have been enrolled. Patients were at different stages of their disease or may not have had an established diagnosis at the time of testing. Evaluation of patients included assessment of age, gender, tumor type, cancer stage at initial diagnosis, disease status, performance status, Hb values and iron status and whether patients had received anticancer therapy and in case they did, the time that elapsed since administration of last tumor treatment also was recorded. TSAT, serum ferritin, serum iron, C-reactive protein (CRP) and complete blood count were determined. In patients with multiple testing during the study period, only the first sample taken was included in the analysis.
definition of ID, anemia and disease status
Commonly used definitions for ID and anemia were applied [8] [9] [10] . ID was defined as TSAT < 20% and was further classified as AID or FID if serum ferritin levels were available in addition to TSAT values. AID was defined as TSAT < 20% and serum ferritin <30 ng/ml. FID was defined as TSAT <20% and serum ferritin ≥30 ng/ml. As a standardized definition of anemia, Hb ≤ 12 g/dl was used.
For TSAT and Hb were assessed in nearly all patients (1513 and 1509, respectively), while serum ferritin levels were available for an 880 patients only. Overall, 42.6% of patients were iron deficient (TSAT < 20%) and 33.3% were anemic (Hb ≤ 12 g/dl). The respective prevalence was 45.9% and 33% in patients with solid tumors and 35.4% and 33.9% in patients with hematological malignancies (Table 2) .
Across most tumor types evaluated, a high prevalence of ID and anemia was noted ( Figure 1A ). ID rates were highest in pancreatic (63.2%), colorectal (52.2%) and lung cancer (51.3%). Prevalence of ID correlated with the prevalence of anemia in most solid tumor types. Anemia was detected in 50.4% of ID patients with solid tumors and 43.7% of ID patients with hematological malignancies. Almost one-third of anemic patients had moderate-to-severe anemia (Hb values <10 g/dl) (29.7% and 31.2% of anemic patients with solid tumors and hematological malignancies, respectively).
In patients with solid tumors, higher mean ferritin levels were noted (422.3 ng/ml) compared with patients with hematological malignancies (284.8 ng/ml) (P < 0.001). Similarly, the mean CRP concentrations were higher in patients with solid tumors than in those with hematological malignancies (35.0 mg/l versus 10.5 mg/l; P < 0.001). Among the 409 iron-deficient patients with TSAT and serum ferritin levels available, the majority (81.9%) presented with FID, while AID was less common (18.1%).
tumor stage, ID and anemia
Statistical analysis revealed a significant correlation between ID and tumor stage in the total cohort of patients (P < 0.001). Similar correlations were found between anemia and tumor stage (P < 0.001). In patients with solid tumors, a significant correlation between ID and stage and anemia was found (P < 0.0001 and P < 0.0001, respectively). Prevalence of ID increased from 35.4% in stage I-II to 45.2% in stage III and 53.6% in stage IV patients, the corresponding figures for anemia were 18.4%, 29.8% and 41.2%, respectively ( Figure 1B ). In patients with hematological malignancies, ferritin levels were available in 98.0% of patients. anticancer treatment, ID and anemia
Patients were categorized into three groups: (i) not having received anticancer therapy, (ii) having received their most recent anticancer treatment within 12 weeks or (iii) >12 weeks before testing. The prevalence of both ID and anemia was higher in patients having received their last anticancer therapy ≤12 weeks compared with those having been treated with >12 weeks from baseline (Table 3 ). This was true for the total group of patients (ID: 48.1 versus 36.3%, P < 0.001, anemia: 50.4 versus 18.7%; P < 0.001) and for patients with solid tumors (ID: 51.6% versus 37.7%; P < 0.001, anemia: 48.6 versus 17.2%; P < 0.001), while for patients with hematological malignancies the same pattern was noted for anemia only (ID: 38.3 versus 32.4%; P = 0.92, anemia: 55.3 versus 23.0%; P < 0.001).
disease status, ID and anemia
Patients with persistent or progressive disease at the time of evaluation were more frequently iron deficient and anemic original articles Annals of Oncology than patients in complete remission (P < 0.001 and P < 0.001, respectively) ( Table 3 ). Of patients with solid tumors, 56.8% with persistent and 57.1% with progressive disease were iron deficient, and 47.6% and 39.3%, respectively, were anemic compared with 36.4% and 20.7%, respectively, of patients in complete remission. The respective figures for ID in patients with hematological malignancies were 38.1% for persistent and 40.0% for progressive disease, and for anemia 48.5% and 50.0%; respectively, while in the CR patients a slightly lower prevalence of ID (31.9%) and a significantly lower prevalence of anemia (19.3%) were noted (P < 0.001). Disease status significantly correlated with iron status in patients with solid tumors (P < 0.001), but not in hematological malignancies (P = 0.172) whereas highly significant correlations between disease status and anemia could be observed in both solid tumor and hematological malignancy patients (P < 0.001 and P < 0.001, respectively).
ECOG performance status, ID and anemia
Both ID and anemia significantly correlated with poor ECOG performance status (P = 0.005 and P = 0.001, respectively) Patients with solid tumors and poor performance status (ECOG 2-4) presented more frequently with ID (61.1%) and anemia (60.2%) than patients with good performance status (ECOG 0-1; ID: 43.9%; anemia: 27.9%) ( Figure 1D ). In patients with hematological tumors ( Figure 1E ), a similar pattern was observed for anemia (P = 0.001), but not for ID (P = 0.89). However, the low number of hematological patients with poor performance status (n = 25) limits the validity of the latter finding.
discussion
Our results reveal a high prevalence of ID across different tumor types. ID correlated with anemia, cancer stage, anticancer therapy within ≤12 weeks from baseline, persistent and progressive disease and poor performance status in patients with solid tumors, while in hematological malignancies significant correlations with ID were not found. The restriction of the correlations between ID and parameters reflecting more advanced disease to patients with solid tumors only may be due to higher levels of inflammatory cytokines as manifested by higher CRP levels, with more advanced cancer. In hematological malignancies, a possible correlation might have remained unrecognized because of the limited number of patients.
Iron status was mainly assessed by TSAT which is only modestly influenced by inflammation. Ferritin, in contrast, belongs to the group of acute phase proteins [9, 10] and often does not reflect iron stores [9] in cancer, due to its interdependence with inflammatory reactions [17] . Actually, the mean CRP levels were significantly higher in patients with solid tumors (35 mg/l; normal <5.0 mg/l) than in patients with hematological malignancies (10.5 mg/l). If only ferritin (with a cut-off value of <30 ng/ml) would have been used for identification of ID, the majority of iron-deficient patients presenting with FID only would have remained undiagnosed. This highlights the importance of using TSAT as an appropriate biomarker for assessing iron availability in cancer patients, but comparison with other reports shows that TSAT is often not assessed [18] [19] [20] .
The variation in the prevalence of ID in patients with different tumor types ( Figure 1A ) is noteworthy. The high prevalence in pancreatic, and particularly, in colorectal cancers seems to be the consequence of a combination of blood loss and inflammatory response, while in lung cancer, both the disease itself and the sequels of toxic chemotherapy, which likely induces a strong inflammatory response, may account for ID. The increased prevalence of ID in patients with persistent or progressive tumors and in those with recent anticancer therapy supports the aforementioned concept of a fundamental interplay between malignant cell growth, cancer therapy, the immune system and iron homeostasis. Previously, iron status in cancer patients has not extensively been addressed; hence, only limited information is available for comparison with our data. Kuvibidila et al. [3] reported lower mean TSAT and higher total iron binding capacity in 34 men with prostate cancer compared with controls; 31.6% of patients had TSAT <16% compared with 8.6% of controls. Robertson and Hutchinson [18] described ID in 9% of anemic cancer patients and found suggestive, but inconclusive evidence of ID in a further 41% of patients. Beale et al. showed evidence of ID in 60% of 130 patients with colorectal cancer with reduced TSAT levels in 42.3% and decreased ferritin concentrations in 13.8%. Remarkably, 69% of patients with low TSAT (<16%) were also anemic [4] . This figure compares well with the 50.4% prevalence of anemia found among iron-deficient solid tumor patients in our study, while in iron-deficient patients with hematological cancers a lower prevalence (43.7%) was noted.
The significant correlation between ID and poor performance status in our patients was mainly due to the strong correlation between these parameters noted in patients with solid tumors. Presently, it cannot be distinguished whether this reflects the impact of more advanced disease on performance status with ID only being a surrogate marker of advanced disease, or whether this is due to the correlation between ID and anemia with both of them contributing to poor performance status. In contrast, in the patients with hematological malignancies, ID was evenly distributed between patients with good and poor performance status, while anemia was closely associated with poor performance status, a finding which we have noted already before [1] . In non-malignant diseases, ID has been found to correlate with significant impairment of physical, immune, and cognitive function, as well as fatigue among other symptoms [12, 21] . In our opinion ID likely is one of the contributing factors for reduced performance status, but others such as the sequels of cancer and cancer therapy supposedly are of greater importance.
In conclusion, our study shows a high prevalence of ID, mainly as FID, across different tumor types. ID and anemia correlated with tumor stage, status of the disease, performance status and was associated with close proximity to cancer therapy in patients with solid tumors, while in hematological malignancies anemia only correlated with the aforementioned parameters. Iron status should routinely be assessed in cancer patients particularly in those scheduled for or being on treatment with erythropoietic agents but importantly also in those without anemia, because timely commencement of iron therapy may prevent the occurrence of anemia, correct existing anemia and ameliorate symptoms of ID. 
